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Abstract In recent years, several publications on micro-
fluidic devices have focused on the process of electropora-
tion, which results in the poration of the biological cell
membrane. The devices involved are designed for cell
analysis, transfection or pasteurization. The high electric
field strengths needed are induced by placing the electrodes
in close proximity or by creating a constriction between the
electrodes, which focuses the electric field. Detection is
usually achieved through fluorescent labeling or by
measuring impedance. So far, most of these devices have
only concerned themselves solely with the electroporation
process, but integration with separation and detection
processes is expected in the near future. In particular,
single-cell content analysis is expected to add further value
to the concept of the microfluidic chip. Furthermore, if
advanced pulse schemes are employed, such microdevices
can also enhance research into intracellular electroporation.
Keywords Electroporation . Microtechnology .
Microfluidics . PEF
Introduction
Microfluidics has been one of the fastest growing fields of
research in recent years, as illustrated by the correspond-
ingly large increase in the volume of publications on the
subject [1–3]. One of the exciting aspects of using
microfluidics in combination with life sciences is the
application of electric fields to treat, manipulate and
analyze biological cells [1, 4]. When they are directed into
the channel of a microfluidic device, and an electric field is
applied, cells can be affected by various different
phenomena, depending on the strength and direction of
the electric field, the time span that the electric field is
applied for, the properties of the materials that the
microfluidic chip is constructed from, the properties of
the fluid in the channel and the characteristics of the
biological cell itself.
When an electric field is applied to a fluid, the
temperature of the fluid increases due to ohmic heating.
This effect is related linearly to the conductivity of the fluid
but quadratically to the electric field strength that is
applied. One of the processes that is observed when fluid is
exposed to electric fields in narrow channels is electro-
osmosis [5, 6]. Since many microfluidic devices have
charged walls, a charge distribution develops in the fluid
near the wall. An electric field directed along the channel
will therefore cause the movement of charge within the
fluid, resulting in fluid motion. Electroosmosis is used in
many microtechnological applications as the driving force
for fluid movement (electroosmotic flow, EOF) [2, 3, 7–9].
The controlled fluid movement by EOF has been used to
direct biological cells by bulk fluid motion within
microfluidic chips [10, 11]. In addition to bulk transport,
an electric field will also cause the electrophoretic move-
ment of cells suspended in a liquid, since the cells
themselves are charged due to the composition of the cell
membrane. Thus, the cells will be pulled towards the
electrode with the opposite polarity to that of the cellular
membrane by coulombic forces [7]. This well-known
phenomenon is used in single-cell capillary electrophoresis
[12], to control bacterial concentrations in microdevices
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[13] or to control the movement of cells within a
microdevice [14]. A third effect that can be used to
manipulate biological cells with electric fields is dielec-
trophoresis. Since the electric field induces a dipolar charge
distribution over the cell, the cell will be attracted to an
electrode where the electric field converges. This effect has
been used for cell manipulation [15], as well as for other
applications such as separating DNA molecules [16] or
other macromolecules [17].
Another effect that can be obtained using an electric field
in the vicinity of biological cells is electroporation. This
review will focus on the elctroporation of cells in
microfluidic devices, although cell electroporation is
often combined wtih electroosmosis, electrophoresis and
dielectrophoresis. When high electric fields strength’s
(1 kV cm-1) are used and the field is pulsed, the integrity
of a mammalian cell is comprised; an effect known as
electroporation [18]. Hamilton and Sale [19–21] discov-
ered that the application of high electric field pulses at
typical field strengths of 10 kV cm−1 also affects the
viability of bacterial cells. Upon the brief application of an
electric field, an extra transmembrane potential (TMP) is
developed across the poorly conducting cellular membrane
(Fig. 1). The TMP is linearly proportional to the electric
field strength and the cell radius. The lateral mobility of the
phospholipids in the membrane causes hydrophobic pores
to appear randomly in the membrane. It is demonstrated
that these hydrophobic pores grow under the stress from
the TMP and become hydrophilic pores at a threshold TMP
of 0.5–1 V [18, 22].
Inducing a TMP around the threshold TMP in a
mammalian cell results in reversible electroporation: the
pores reseal given time [18]. It is assumed that the same
picture applies to bacteria. Application of a TMP far above
the threshold results in irreversible electroporation—the
pores do not reseal—which leads to cell inactivation.
Reversible electroporation is used to introduce foreign
molecules into cells while the pores are open. Typical
electric field strengths used for transfection are 1 kV cm−1,
often with long (ms) exponential decay pulses. Although
the literature is ambiguous about the exact mechanism of
exchange between components in the surrounding medium
and the contents of the cell, it is thought that local
electroosmosis plays an important role [23]. Electropora-
tion has been used to introduce various components into
cells, including proteins [22], DNA [24] Rb+ ions [25–27]
and drugs [27]. In contrast to reversible electroporation,
where the cell viability is maintained, irreversible electro-
poration is used in a low-thermal pasteurization technique
called pulsed electric field (PEF) processing. Here, short
(typically 2 μs), high electric field strength (typically more
than 10 kV/cm) pulses are applied to a food product to
inactivate the microorganisms in it [28, 29]. When used on
a large scale of 1000 L hr−1 or more, PEF provides a
particularly good alternative to the usual heat pasteuriza-
tion of pumpable foods [30] like fruit juices [31, 32] or
dairy products [33], and it can also aid the release of
intracellular content from plant cells, for example during
the extraction of sugar from sugar beet cells [34, 35].
The use of microfluidic devices for cell electroporation
applications offers clear advantages compared to common
electroporation set-ups. First of all, by applying micro-
electronic pattern techniques, the distances between the
electrodes in the microchips can be made very small, which
means that relatively low potential differences are
sufficient to give high electric field strengths in the regions
between the electrodes. The electrical design of the pulser
is therefore much simpler, which permits us to choose from
a wider range of pulsers. This allows pulse forms other than
the common block or exponential decay pulse shapes to be
used [36]. Cell handling and manipulation are also easier,
as the channels and electrode structures are comparable to
the sizes of the cells. As the hydrodynamic regime used in
microfluidics is much different to that used in large scale
equipment, it is possible to make use of specific hydrody-
namic effects associated with this regime. The coupling
between cell electroporation and separation or detection of
the released components is also more direct, as it can be
integrated onto the same device. This even makes it even
possible to trap single cells and to determine intracellular
content or other properties, which is hardly feasible using
laboratory-scale equipment. In addition, only small
amounts of cells and difficult-to-produce reagents, such
as specific plasmids, are needed. On top of this, in situ
optical inspection and real-time monitoring of the electro-
poration process (using fluorescent probes for example)
also become possible, as the microdevices can be made
transparent. However, the experimental results published
so far have been mainly qualitative because the field of
microtechnology is relatively new.
Finally, the area-to-volume ratio in microdevices is
relatively large, which results in faster heat dissipation per
unit surface area. This makes it possible to distinguish
between heat and electric field effects, in contrast to the usual
PEF experiments, where temperature increases of 10 °C
and more are observed [37, 38], although this advantage is
less important in transfection and analysis microdevices.
Fig. 1 Schematic representation of a cell in an electric field. Black
depicts high electric field strengths, white depicts low electric field
strengths. The lines are equipotential lines
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Overview of existing designs
One of the first single-cell electroporation devices was
made by Lundqvist [39–42], who studied the electropora-
tion of individual cells using two carbon fiber microelec-
trodes. These microelectrodes, which had diameters of
5 μm, were moved to within 2–5 μm of the cellular
membrane with a micromanipulator. Single cells could be
selected from a solution and successfully electroporated
with 1 volt-millisecond square wave pulses. This set-up
gives a high degree of freedom when selecting cells, even
in a complex multicellular system, and even for organelles,
as was demonstrated by staining only the exonuclear
cytoplasmic region with fluorescein. Gene transfection
with GFP (green fluorescent protein) plasmids has also
been accomplished [39]. Although this design demonstrat-
ed the possibilities of single-cell electroporation, it is a
labor-intensive technique, comparable to existing patch
clamp techniques. Moreover, the cell is not brought
into a confined geometry, which makes it unsuitable for
automation.
Therefore, a more common approach is to use a
microfluidic system which can handle small amounts of
cells, combined with an electrical treatment based on
integrated, fixed electrodes. These electroporation micro-
devices can be roughly divided into three categories,
depending on their application:
1. Devices for analyzing cellular properties or intracellu-
lar content
2. Devices for transfecting cells
3. Devices for inactivating/pasteurizing cells
We now consider each of these in turn.
Devices for analyzing cellular properties
or intracellular content
Electroporation microdevices are mainly used in the field
of analysis, as the advantages of doing so are numerous,
including the very small sample size needed, the high
separation efficiencies obtained, and the ability to combine
the technique with sensitive measurement methods.
Applications of electroporation microdevices to analysis
vary from those devices which measure true electropora-
tion properties, like the pore formation process, to those
where electroporation is only an aid to further analysis of
the cell content, notably by capillary electrophoresis (CE).
Fig. 2a–f Schematic represen-
tations of different analytical
microfluidic electroporation de-
vices. Not to scale. a Gao et al.
[50]; b Huang and Rubinsky
[52–55]; c Valero et al. [11];
d Lee and Tai [56]; e Suehiro
et al. [57]; f Lu et al. [60]
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Another application involves measuring the cell concen-
tration in a bulk fluid.
CE is a technique that has evolved significantly due to
the use of microtechnology [43]. The capillary structures
are relatively simple to make in several materials, the
devices are suitable for coupling to sensitive detection
methods, and they are cheap to produce [43–46]. In
conventional CE of cell content, a batch of cells is lysed
after which a small sample is analyzed [47]. However,
since the average properties of a larger group of cells are
measured, valuable information is lost. Therefore, one of
the most important challenges in CE (and microtechnology
in general) is to be able to analyze the contents of a single
cell [48]. Whereas cell lysis can be accomplished using
methods like chemical lysis [49], electroporation has the
advantage that no chemicals need to be added to the
system, which could disturb the measurements. Gao et al.
[50] used electroporation in a microfluidic device to release
the cellular content. Their design consists of a simple
crossed channel, in which erythrocyte cells are loaded
using a pressure gradient (Fig. 2a). When a cell arrives at
the crossing, an EOF is used to direct the cell into the
separation channel, after which the flow is stopped for 15 s
to allow the cell to attach to the wall. The cell is then
electroporated using a one-second 1400 V pulse. In this
way, the single-cell glutathione content was measured in a
reproducible way without the need to use disturbing lysing
agents. McClain et al. [51] also reported on a CE chip for
single-cell analysis, in which continuous 450 V m−1 square
wave pulses with a DC offset of 675 V m−1 were used. The
DC offset provides the necessary potential for separation,
while the pulses are used for electroporation. A nonpulsed
but high DC current would result in too much ohmic
heating. Using this device, cells which were previously
loaded with several fluorescent stains were electroporated,
which was followed by the separation and measurement of
the stains.
Although these are effective demonstrations of single-
cell electroporation coupled to separation and analysis,
more advanced designs have been proposed for the
electroporation of biological cells. In a series of articles
[52–55], Huang and Rubinsky presented a microfluidic
device in which a single cell is captured and electroporated
for analysis purposes. This chip (Fig. 2b) [53, 54] consists
of two chambers in n+ polysilicon, separated by a 1 μm-
thick silicon nitride membrane with a hole. The hole
diameter (2 to 10 μm) in the membrane is smaller than the
cell diameter. Pulses are applied via the conducing n+
polysilicon layer. Since the thin polysilicon layer is
translucent, it is possible to observe the chip while treating
biological cells. Cells are pumped through the top chamber,
followed by the immobilization of one cell in the hole by
lowering the pressure in the bottom chamber. The electrode
distance is 900 μm, but the electric field is focused in the
pore of the silicon nitride membrane. Therefore, only
pulses of 0 to 120 Vare needed for cell electroporation. The
electroporation and resealing process can be followed in
time via impedance measurements as the cell plugs the hole
(thereby strongly changing the impedance). With this chip,
Huang et al. were able to show the natural difference in
electroporation behavior between human prostate adeno-
carcinoma and rat hepatocyte cells. The n+ polysilicon
electrode was replaced in later publications [54] by an Ag/
AgCl electrode, since the polysilicon electrodes hindered
the precise characterization of the electrical properties of
the cell membrane. This was caused by the complicated
electrochemical behavior at the electrode–electrolyte in-
terface, particularly for DC and low-frequency pulses. By
staining human prostate adenocarcinoma cells with
YOYO-1 (a membrane-impermeable fluorescent DNA
stain), it was possible to combine an impedance measure-
ment with an optical measurement [55]. This combination
showed that impedance measurement is a suitable way of
measuring cell electroporation behavior in the microde-
vice. With the same design, it was also demonstrated that it
was possible to study the responses of cells to specific
chemical substances, in this case Triton X-100, which is a
cell lysis reagent.
Valero et al. [11] used a different geometry to trap cells
and subsequently electroporate them in order to study the
electroporation behavior. Their design consists of a chip
with two crossing channels, where one side of the crossing
is partially blocked; leaving special designed trapping sites
with small flow channels behind the trapping sites
(Fig. 2c). The trapping sites have a size which is
approximately the size of a cell (10–12 μm), whereas the
subsequent flow channel is 3 μm wide, preventing the cells
from flowing any further than the trapping site. Gold wires
inserted in the entrance reservoirs are used as electrodes.
Using electroosmotic flow, human promyelocytic leukemic
(HL-60) cells were directed towards the trapping sites,
where they were trapped and subsequently electroporated
as the electric field was focused at the trapping sites. This
device was applied to the study of apoptosis (controlled cell
death), where the cells were observed visually while they
were stained in the trapping site with fluorescent FLICA
and propidium iodide.
As well as the aforementioned trapping devices, several
flow-through devices have also been reported. Lee and Tai
[56] reported on a microdevice used for the lysis of cells for
analysis, consisting of a straight, 30 μm-high microchannel
with an electrode structure at the bottom perpendicular to
the fluid flow (Fig. 2d). The electrode structure consists of
interdigitated gold electrodes with a saw-tooth structure to
enhance the electric field gradient. The tips of the saw-
tooth structure are separated by 5 μm. Cells are introduced
by pressure-driven flow and dielectrophoretically directed
towards the tips of the electrode, where 20 V, 100 μs pulses
were used to electroporate the cells. Various cell types,
such as yeast cells, plant protoplasts and E. coli, could be
electroporated. Although the design could be further
optimized, the authors showed the ability of the device to
electroporate small numbers of cells on the microscale,
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while concentrating the cells near the electrodes in order to
increase electroporation efficiency.
Suehiro et al. [57] used a variation of the device
designed by Lee and Tai to measure the cell concentration.
The device used by Suehiro has straight 12 μm-wide
electrodes at a glass wafer (Fig. 2e), with a 5 μm clearance
between the electrodes, instead of the saw-tooth structure
used by Lee and Tai. Yeast cells from the pressure-driven
fluid flow are directed dielectrophoretically towards the
surface between the interdigitated electrodes using a 5 V,
100 kHz AC voltage, thereby changing the impedance
between the electrodes. Since the impedance change is
correlated to the time allowed for the cells to migrate
towards the electrode structure and the cell concentration, it
is possible to use the device to measure cell concentrations.
However, the impedance changes are relatively small,
which limits the sensitivity to 104 CFU/ml for yeast cells.
In order to increase the sensitivity, Suehiro et al. [58]
increased the dielectrophoretic voltage stepwise to 20 V in
order to electroporate the trapped cells. The electroporated
cells have an improved conductivity because of the
fractured membrane, which causes the lowest sensitivity
limit to jump to 102 CFU/ml. This method has also been
applied to bacterial E. coli cells [59]. As the sensitivity
decreased, the form of the pulses used for electroporation
had to be improved to make them continuous block pulses
of a limited time, in order to avoid contamination by
products generated by electrode degradation.
Lu et al. [60] also used the advantageous saw-tooth
structure for their more advanced microelectrode structure
in order to enhance the electric field strength. A straight,
50 μm-high microchannel was constructed on pyrex glass,
where the side-walls consisted of gold saw-tooth-shaped
electrodes with a tip distance of 30 μm (Fig. 2f), supported
by the polymer SU-8. Using pressure-driven flow, cells are
directed through the channel and electroporated at the place
where the electrodes are closest to each other (where the
electric field strength is the highest). To avoid electrolysis
in the channel, a continuous alternating voltage of 6–8.5 V
at 5–10 kHz is applied to electroporate the cells. It was
possible with this device to electroporate human carcinoma
(HT-29) cells, as assessed using fluorescent acridine orange
and propidium iodide staining. Although this design was
designed to induce cell lysis and therefore the release of
intracellular content for further analysis, it could be used
for transfection purposes as well, since transfection could
take place in the channel and then the transfected cells
could be sampled for further culturing.
Transfection designs
Transfection of cells with foreign DNA is often accom-
plished by reversible electroporation [61]. However, the
treatment protocols are often suboptimal [62] and based
upon the application of long-duration pulses (ms) with
relatively low electric field strengths, which results in an
excess amount of inactivated cells. Furthermore, cells
exposed to electric fields can be sensitive to substances in
the medium such as Al3+ ions, which can become
solubilized from the electrodes [63]. It is possible to
control the circumstances better in microfluidic devices,
and hence increase the efficiency of transfection. Besides
this advantage, only small amounts of transfection material
are needed, and it is possible to make structures where the
transfection of more cells in a parallel fashion is possible.
Fig. 3a–d Schematic represen-
tation of various different
transfection microfluidic elec-
troporation devices. Not to
scale. a Lin et al. [64]; b Khine
et al. [65]; c Huang and
Rubinsky [67]; d Lin et al.
[64, 68, 69]
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Several microfluidic designs have been published, some
aiming at single-cell transfection, others at the transfection
of larger amounts of cells.
Lin et al. [64] constructed a device made of PMMA that
consisted of a 0.2 mm-high, 5 mm-wide channel with
integrated gold electrodes at the top and the bottom of the
channel at the electroporation spot (Fig. 3a). Since the
electrode distance was relatively small, only 10 ms pulses
of 10 V were required for electroporation. The efficiency of
this simple design was proven by transfecting human
hepatocellular carcinoma cells (Huh-7) with β-galactosi-
dase and green fluorescent protein genes.
While Lin et al. used a small electrode distance to focus
the electric field, it is also possible to do this by introducing
a constriction between the two electrodes. Khine et al. [65]
used this concept in their design (Fig. 3b), which was
originally developed as a multiple patch clamp array [66].
Although the constriction itself increases the electric field
strength, this effect is enhanced in this design by applying a
gentle underpressure and sucking a cell partially into the
constriction, thereby blocking the constriction completely.
The cell cannot pass the constriction because the cell
diameter (12–17 μm) is approximately four times larger
than the constriction (3.1 μm). Low potentials of less than
1 V could be applied using an Ag/AgCl electrode. The
release of calcein and the uptake of trypan blue from HELA
cells after electroporation was followed visually, although
transfection with DNA has not yet been accomplished in
this device type.
Huang and Rubinsky, who designed an electroporation
analysis device with a microhole in a silicon nitride
membrane, also adapted this analysis-oriented design [67]
to make it applicable to cell transfection. They did this by
creating a flow-through channel on top of a silicon nitride
membrane that was approximately 1.5 times the size of a
cell (Fig. 3c). The hole in the membrane is situated in the
middle of the channel. Once a cell is brought into the
microchannel, it is captured in the microhole by a backside
pressure, electroporated, uploaded with the desired foreign
molecules and then released, exiting the channel on the
other side. The microhole in the silicon nitride membrane
provides the necessary enhancement of the electric field.
Using this design, it was possible to stain cells with
fluorescent YOYO-1 using 100 ms, 10 V pulses and
transfect them with an enhanced green fluorescence
protein-gene.
While all the transfection-oriented designs above were
aimed at cells in solution, Lin et al. [64, 68, 69] created a
microfluidic design aimed at the transfection of animal
cells growing on a solid surface (Fig. 3d). The chip consists
of a glass wafer with a gold interdigitated electrode
structure, which is sealed with a PDMS mold to form a
cavity. Cells grow on the glass surface. The interdigitated
electrode structure can be used to electroporate the surface-
bound cells. In this way, it was possible to transfect Huh-7
cells, human embryonic kidney cells and HUVEC primary
cells with GFP DNA. By adding an extra anode electrode
above the interdigitated structure, negative DNA plasmids
were directed to the cathodes by an electrophoretic
potential [69] prior to electroporation, creating a local
high concentration of plasmids near the cells at the
cathodes. Improved cell transfection was demonstrated
by the relatively high concentration of transfected cells
near the cathodes as compared to experiments where no
electrophoretic forces were used.
Pasteurization design
In the food processing industry, electroporation is used for
the pasteurization of liquid foods in what is known as
pulsed electric field (PEF) processing [29]. Pasteurization
is used to render all spoilage bacteria present in the liquid
foods inactive. Therefore, irreversible electroporation of all
of the cells needs to take place. Because of this, and due to
the fact that bacterial cells are generally significantly
smaller than eukaryotic cells (1–5 μm), higher electric
fields are needed in PEF than in electroporation for
transfection and/or analysis purposes.
Although microtechnology seems a less obvious choice
for PEF applications because voluminous flows are
processed, the use of microdevices avoids the risks
involved with using high voltages and causes any heat
generated to be rapidly dissipated. Because of this,
microdevices should aid the exploration of other possibil-
ities in the field of PEF.
The first PEF microreactor was presented by Fox et al.
[70], which consisted of a 50 μm-deep channel with a
10 μm-deep, 30 μm-long constriction to focus the electric
field between the two electrodes (Fig. 4). It was possible to
make a comparison with a pre-existing laboratory set-up
[37], with a typical constriction size of 1×2 mm, using
artificial vesicles loaded with carboxyfluorescein as a
model system. This comparison showed that, despite the
difference in length scales, the two devices were compa-
rable when 2 μs square wave pulses of 0 to 800 V were
used. Vesicle electroporation in both devices was studied
using the transmembrane potential and the total amount of
energy added as criteria for comparison. The total amount
of energy added did not turn out to be a good paramter for
comparing the laboratory set-up to the microtechnological
set-up, as this criterion is mainly determined by the device.
However, the transmembrane potential was a good param-
Fig. 4 Schematic representation of the PEF microreactor. Not to
scale
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eter to use when comparing vesicle breakdown, as it
describes effects happening in the vesicle itself, which
eliminates structural effects.
Technical comparison between the microfluidic devices
Electrode properties
The properties of the microdevices discussed above have
been summarized in Table 1. High electric field strengths
are required for electroporation. Two different strategies
are used to achieve this in the discussed microdevices: the
electrodes can be positioned in close proximity, or the
electric current can be focused into a small flow constric-
tion. The first approach has been applied by several authors
[56, 58, 60, 64]. However, depending on the pulse scheme
and pulse duration, this will inevitably lead to electrode
degradation due to electrolysis. Electrolysis occurs when
the potential difference is larger than the redox potential of
the liquid and the pulse duration is longer than the time
taken to charge the electrical double layer. Since the pulses
applied in electroporation are usually higher than the redox
potential, electrolysis will often take place. The close
proximity of the electrodes will result in the contamination
of the load with electrode material. Moreover, the local
electric field will degrade as the electrodes corrode.
Nevertheless, this approach is suitable for analysis-oriented
designs, where single-cells must be electroporated in a
controlled way with a limited number of pulses. However,
in designs where pulses must be applied continuously, such
as those intended for transfection or pasteurization, this
approach has some serious drawbacks. The stronger
electric field strengths present at the electrode surface
might result in the formation of gas due to the electrolysis
of water. Gas bubbles should be avoided in these
microdevices as the breakdown potential of the gas is
much lower than that of water, and so arcing can occur,
which can seriously damage the electrode. If the average
electrical current is low, the rate of electrolysis is also low
and the gas dissolves and is transported away. In many
cases this is not sufficient.
The rate of electrolysis can be reduced by applying
shorter pulses and thus reducing the current or by applying
bipolar pulses instead of unipolar pulses, which makes the
time-averaged current zero. If bipolar pulses are applied,
electrolytic reactions still occur, but are then partially
reversed during the successive pulse. Electrolysis can also
be reduced by increasing the resistance between the
electrodes, as the total current will also be reduced.
The other approach, taken in several devices [11, 53, 65,
70], is more promising for designs where long intervals of
pulses or continuous pulses are required. These designs
make use of a constriction of the channel, which results in a
high electrical resistance. The main potential drop in these
devices is not in the vicinity of the electrode, which
therefore prevents electrode degradation. Another option
for decreasing the resistance would be to use low-
conductivity fluids. However, the composition of the
fluid is restricted by biological constraints in many cases.
Although the design and properties of the electrodes are
more important in high than in low current applications, it
is crucial to have a good electrode structure. Various
materials have been used so far, including different metals,
Table 1 Technical specifications of the different electroporation microdevices
Publication Materials Focusing by
constriction or electrode?
Typical size Electrode
material
Electrode
distance
Mechanism
of movement1
Flow-through/static
[53] n+ polysilicon
siliconnitride
Constriction 2–10 μm n+ polysilicon
Ag/AgCl
900 μm PDF Static
[11] Silicon Constriction 8–12 μm Au wires, not
integrated
Very large EOF Static
[50] Soda-lime glass No focusing – ND, not
integrated
Very large PDF & EOF Flow-through
[51] White crown
glass
No focusing – ND Very large EOF Flow-through
[56] Silicon Electrode ~16 μm Au 5 μm PDF & DEP Flow-through
[58] Glass Electrode 5 μm Cr 5 μm DEP Flow-through
[60] Pyrex glass &
SU-8
Electrode 130 μm Au 30 μm PDF Flow-through
[64] PMMA Electrode 0.2 mm Au 0.2 mm PDF Flow-through
[65] PDMS Constriction 4×3.1 μm Ag/AgCl, not
integrated
Very large PDF Static
[64] Glass, PDMS Electrode 100 μm Au 100 μm – Static
[67] Silicon. Silicon
nitride
Constriction 6 μm Pt ND PDF Flow-through
[70] Glass Constriction 30 μm Pt 70 μm PDF Flow-through
PDF: pressure-driven flow, EOF: electroosmotic flow, DEP: dielectrophoresis, N.D. Not determined
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polysilicon and Ag/AgCl electrodes. For impedance
measurements where high accuracy is needed, Ag/AgCl
electrodes offer the best choice, since there is no polariza-
tion at the electrode surface. Polysilicon, which has elusive
electrode surface properties, is a less obvious choice of
electrode material. Metal electrodes seem to be the best
choice for other applications, as the electrodes are easy to
incorporate into the production process and the behavior at
the surface is well-known, although complex. The elec-
trodes used in the microdevices reported here are
unprotected electrodes, except in one case [56], which
makes them more susceptible to degradation by electrol-
ysis. As discussed above, electrolysis can result in
corrosion of metal electrodes [71] and degradation is
even observed in the case of noble metal electrodes, as
large fragments can break from the electrode at high
electric field strengths, as reported by Lee [56] and Fox
[70]. Lee [56] proposed a solution to this where a very thin
Teflon layer was applied onto the electrodes. The electrode
was therefore separated from the fluid. This technique has
also been used in large-scale PEF equipment [72–75]. It
would be logical to think that such an approach should be
copied in future microtechnological structures, for example
by applying dedicated coatings [76]. However, care is
required here, as the isolating layer will alter the form of the
pulse form. It will act as a high-pass filter, blocking low
frequencies and the DC component and therefore compli-
cating the analysis and interpretation of the results.
Cell handling
A clear distinction can be made between static devices and
flow-through devices, as summarized in Table 2. Static
designs are most commonly used for single-cell measure-
ments, as they facilitate sample introduction, treatment and
analysis. To analyze single-cell content, it is essential to
restrict the released cell content to a small volume in order
to prevent dilution beyond the detection limit. Secondly,
the separation of cellular debris and cellular content is
required for many analysis methods. The biological cell is
retained at a defined location, for example via suction at a
Table 2 Electroporation and cell properties of the different electroporation microdevices
Publication Purpose Potential difference
used
Electric field
strength (kV cm−1)
Pulse time Tested cells Cell size Measurement
method
[53] Analysis 0–60 V N.D. 2 μs–100 ms Human prostate
adenocarcinoma
cells, rat
hepatocytes
20 μm YOYO-1
[11] Analysis 100 V N.D. Continuous
DC
Human
promyelocytic
leukemic cells
(HL-60)
10 μm PI/FLICA
[50] Analysis 1400 V N.D. 1 s Erythrocytes 10 μm CE
[51] Analysis 1125 V 0.6 Continuous
DC & block
pulses
Jurkat ND OG, CF,
Calcein AM
[56] Analysis 20 V ≈2 100 μs S. cerevisiae,
E. coli,
plant protoplasts
2–35 μm Cell
counting
[58] Analysis 20 V N.D. ±20 s AC S. cerevisiae 5 μm Impedance
[60] Analysis 6–8.5 V ≈1–2 5–10 kHz AC HT-60 cells 10 μm AO/PI
[64] Transfection 10 V 0.5 5 ms Huh-7 (human
hepatocellular
carcinoma cells)
ND GFP/β-
galactosidase
plasmids
[65] Transfection 1 V N.D. 6.5 ms HELA cells 10 μm Calcein AM
trypan blue
[64] Transfection 100 V 0.1–0.4 ND Several
endothelial
cells
±10 μm GFP
[67] Transfection 10 V ≈2.5 100 ms Human prostate
adenocarcinoma
cells (ND-1)
ND YOYO-1
enhanced
GFP plasmids
[70] Inactivation 800 V 100 2 μs Artificial vesicles 200 nm CF
PI: propidium iodide, CE: capillary electrophoresis, AO: acridine orange, GFP: green fluorescent protein, CF: carboxyfluorescein, OG:
Oregon green, N.D. Not determined
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small channel opening, and the extracted cell content can
then be separated into a very narrowly defined volume. To
study single-cell properties like impedance, the cell should
be directed towards one place and immobilized there.
Flow-through devices are generally used for analysis
devices where many cells are electroporated, as well as
transfection devices, as it is important to collect a sample of
the transfected cells for replication. This is even more
important for a PEF device, as larger quantities of cells
need to be treated in a production environment. To treat
large quantities, a commercial PEF microreactor might be
scaled-up by mass parallelization instead of by scaling-up
by size.
Detection
While some researchers have just begun to look into the
development of microdevices that perform both single-cell
electroporation and subsequent analysis of the cell content
[50, 51], most of the electroporation microdevice research
performed so far has focused on analyzing and under-
standing the electroporation process itself. Membrane
integrity analysis is often performed optically, by measur-
ing the uptake or release of fluorescent markers such as
YOYO-1, PI, acridine orange, FLICA, calcein AM or CF.
Measuring impedance is another technique that is often
used to follow electroporation; this has the advantages of a
fast, online response and a noninvasive nature. Transfec-
tion analysis has been performed with GFP genes and
β-galactosidase genes. Once again, the GFP genes were
used because they make optical detection easier.
Cell types
Almost all of the devices reported have been tested with
animal cells, or at least with cells that are relatively large in
size, such as yeast and plant cells. Because the transmem-
brane potential over a cellular membrane is linearly related
to the size of the cell, relatively low electric field strengths
are sufficient for the electroporation of large cells, which
makes testing easier. Secondly, the large cell size make it
easy to visually inspect the effects of the electric fields on
the cells. This approach has been applied in most
microdevices, and fluorescent markers have been used to
study the cellular response microscopically in situ. An
additional advantage of using large cells is that they are in
the same size regime as the microtechnological devices.
Hence, it is possible to trap them at certain locations in the
microdevice, which is preferred for single-cell measure-
ments. To perform single-cell measurements on smaller
cells, for example bacterial cells, smaller structures with
sizes on the order of 1 μm or even smaller are required. It is
much more challenging to make microfluidic structures
with these sizes, and so the development of devices aimed
at bacterial electroporation has been retarded. Secondly,
observing with a microscope becomes less feasible as
the dimensions of a cell become comparable to wave-
lengths associated with light. Hence, more research is
needed to improve single-cell bacterial electroporation
measurements.
Future trends
Materials
Microchips are expensive to produce because of the costs
of the substrate material and the many steps involved in the
production process, such as photolithography, etching and
cleaning [77]. This is not an issue for research prototypes or
for devices that can be cleaned and then reused. However,
such costs are a major issue for disposable devices intended
for routine analysis. The need to reduce the costs has driven
the general trend towards the production of polymeric
microfluidic devices [78]. Polymers are cheap compared to
glass or silicon substrate and applicable for mass produc-
tion technologies such as injection molding, hot emboss-
ing, and the phase separation micromolding process. Since
many different types of polymers are available, which
differ in their mechanical, optical and temperature proper-
ties as well as in resistance to chemical attack, polymer-
based devices can be tailored to any application. A similar
trend can be expected for microfluidic electroporation
devices, as some devices are already polymer-based [64,
65] or partially polymer-based [60]. One point to consider
is the fabrication of the electrodes, which sometimes
requires different techniques than glass-based microde-
vices. The deposition can often only be done with a shadow
mask, which limits the dimensional accuracy [77].
Integration of detection
As well as nonsilicon chips, we also expect the progressive
integration of electroporation with subsequent measure-
ments in future electroporation microdevices. Most exist-
ing analysis designs are able to monitor phenomena like
fluorescence uptake of impedance changes at the area of
electroporation. Gao [50] and McClain [51] showed that it
was possible to combine electroporation with intracellular
content analysis based on CE. However, the electropora-
tion process itself in these devices is relatively rough, and
more sophisticated devices with full control over the
electroporation process as well as cell debris separation and
subsequent intracellular cell content analysis have not been
reported yet. Therefore, it is expected that integrated
devices where combinations of electroporation, separation
and analysis occur will emerge, such as devices with
integrated chromatography, electrophoresis or isoelectric
focusing steps for separation, and mass spectroscopic,
electrochemical and fluorescent methods for analysis.
Secondly, the present designs usually require multiple
manual steps in order to insert the cells, electroporation
them and measure the effects. Until now, no devices have
been reported where all of these steps have been integrated
in an automated way, preferably with multiple samples in
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parallel, which could greatly enhance the application of
microtechnological analysis.
Intelligent handling
If the analysis and operation are integrated onto a
microfluidic device, it becomes possible to manipulate
the cell or fluid flow based on a previously measured
signal. The electroporation process can then be triggered by
the detection of a single or a sufficient number of cells
between the electrodes. This can be combined with
concentration methods that are used to reduce the volume,
such as specially designed flow structures [79], electric
field methods like dielectrophoresis [80] or electrophoresis,
which has been demonstrated by transfecting surface-
bound cells in a local high concentration of plasmids [69].
It is also possible to select suitable cells prior to
electroporation or to use a fluorescent or electrical response
to separate the cells after electroporation.
Beyond simple pulses
The use of microtechnology allows the voltage required to
reach sufficiently high electric field strength to be lowered.
This makes it easier to use more advanced pulse forms then
those currently provided by commercial high-voltage
pulsers. Until now, mainly exponential decay and square
wave pulses have been used, with pulse lengths of the
micro- and milliseconds. However, recent publications [81]
show that more advanced pulse forms can produce very
different effects. The group of Schoenbach [36, 82–85]
demonstrated that high-frequency pulses with pulse
durations of 10–100 ns can cause intracellular damage
but they allow the extracellular membrane to remain intact.
This opens up new possibilities in the field of apoptosis
induction [86], gene delivery to the nucleus, or altered cell
function, depending on the electrical pulse duration.
Microtechnology offers the ability to study these effects.
Conclusions
Many microfluidic designs for electroporation aimed at the
analysis, transfection or pasteurization of biological cells
have been reported in recent years. This range of
applications has resulted in a variety in designs: microchips
in which cells move through a treatment zone, microchips
in which cells are trapped at a specific location, and
devices in which the cells are surface-bound. Relatively
low voltages are required in such systems due to the close
electrode spacing employed, which is even enhanced
further in some cases by applying a constriction between
the electrodes. This approach reduces electrolytic damage
to the electrodes. Detection is usually performed by
fluorescent visualization or via noninvasive impedance
measurements.
Most of the devices reported so far have focused on just
the electroporation process itself, but integration with
separation and detection processes is expected to add
further value to the concept of an integrated electroporation
microfluidic chip in the near future. The field of single-cell
content analysis—where the cell content is released by
electroporation—is particularly promising, as it is difficult
to accomplish in larger structures. Polymeric chips are
expected for single-use electroporation devices. Further-
more, microfluidic devices can facilitate research into
intracellular electroporation by applying advanced pulse
schemes.
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